A wireless charging system contains a high-frequency power source, a wireless transformer/coupler, a rectifier, and the load. The wireless transformer/coupler is the key element of the wireless charging system, and the power source and the rectifier design are all dependent on its design. For a two coil type wireless transformer, the maximum efficiency is limited by the coupling coefficient, which rapidly decreases with increasing distance between the primary and secondary coils. The four coil system is widely used in low-power applications, where the maximum power transfer operating point is away from the maximum efficiency point. This paper proposes an inductive charging coupler with small assistive coils, where the high power and maximum efficiency regions overlap.
I. INTRODUCTION
W IRELESS charging on an electric vehicle (EV) offers consumers another recharging option other than plug-in recharging. Since a manual connection between the grid and the EV is not required by the wireless charger, it could be fully automatic. The conduction wire is replaced by a magnetic field between the EV and the grid. This avoids the possibility of contact with any exposed charger components. The other advantage of wireless power transfer (WPT) is that it offers a greater recharging window. For stationary recharging, a recharging connection can be established in a few seconds; therefore, it is possible to recharge the EV when waiting at traffic lights or traveling at a low speed in urban traffic. Dynamic WPT that supplies power when traveling at various speeds is a long-term goal for commercial EV. The general structure of a wireless charging system is shown in Fig. 1 . It has a high-frequency (HF) power source, a wireless transformer, and a rectifier. Wireless charging has three key areas: 1) wireless transformer design; 2) circuit configuration and power electronics design; and 3) system control.
The output frequency of the HF inverter ranges from 10 kHz to several tens of megahertz. For many high-power applications, such as EV wireless charging, the maximum efficiency is sought in order to reduce the recharging cost. A power source with a small impedance is preferred, so that most of the power can be transferred to the load. With the development of SiC and GaN devices, >100 kHz inverters, which have low losses, are available for wireless charging applications. For low-power applications, the impedance matching method is adopted to obtain the maximum power transfer [1] .
For the wireless transformer design, the most common structures have two coils or four coils. In [2] - [7] , two coil circular pads, I pads, DD pads, and DDQ pads were employed. Circular pads have the same misalignment tolerance in all the directions, while the DD and I pads have more misalignment tolerance in the forward and reverse directions. Power transfer linkage is established by the WPT coupler, which is a loosely coupled transformer. The coupling between the primary and the secondary is low due to a large air gap. In [8] - [12] , four coil systems are used in low-power devices. Impedance matching is used to acquire high-power output. The transfer efficiency of a four coil system can be high, but many four coils systems operate in the megahertz frequency range, where a high-efficiency low-impedance power source is currently not available, giving a low-total system efficiency. Zhu et al. [12] presented a four coil 100 kHz EV system with high total efficiency. Coaxial windings were used for both sides. The high-efficiency working point was away from the high power point. This means that it was oversized, so that it could transfer sufficient power around the high-efficiency point rather than in its high-power region. Oversizing adds cost to the power electronics and transformer (higher device power ratings and thicker wire). In this paper, an inductive charging coupler with separate small assistive coils is proposed. The frequency is 20 kHz to reduce the power electronics and the eddy current losses. The proposed structure overlaps the high-efficiency and high-output power regions. The coupling coefficient was analyzed using finite-element analysis (FEA), and the power ratio was studied at the circuit level. The simulation result is shown and compared with a similar sized two coil system.
II. WIRELESS CHARGING SYSTEMS
A wireless transformer has a grid or power source primary coupler and secondary coupler, which is connected to the vehicle battery charger. In general, the primary coupler is isolated from the secondary coupler. The electrical power will be transferred from the primary coupler to the secondary coupler across the air gap via a magnetic link. Many wireless transformer geometries have been proposed. The two coil structure has one winding on the primary side and one winding on the secondary side. Each winding can be formed by one or more coils connected in a series or parallel combination. For the four winding structure, there is an extra resonant coil or compensation coil in both the primary and secondary sides. The extra coils are short circuit or connected to a capacitor.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Both the two winding and four winding structures are singlephase applications. For the single-phase application, there can be multiple winding structures, but they can be treated as a combination of two or four winding systems. There is limited research on multi-phase structures. This is probably due to the complexities of a wireless transformer design and the control of the charging system.
A. Two Winding Structure
The two coil system is widely used in inductive charging applications. The general structure is shown in Fig. 1. Fig. 2 shows the equivalent circuit, where L1 and L2 are the inductances of the primary and secondary windings, C1 and C2 are the compensation capacitors and the series-series (SS) capacitor compensation is used here, R1 and R2 are the total parasitic resistances of the windings and capacitors, and R load is the load for the wireless charging system, respectively.
The voltage equations can be written as 1 and
Assuming that the inductance is fully compensated by the capacitor at power source frequency ωL 1 = 1/ωC 1 , and
Therefore, the ratio between I 1 and I 2 is
The efficiency of the two coil system is
Fig . 3 shows the simulation results from a circuit analysis (the inductance and resistance values used in the circuit analysis are from a model developed in Ansys Maxwell 3-D) for the efficiency and power output for the variation of the coupling coefficient k. The system frequency is 20 kHz and the inductance is fully compensated with the capacitors. Both the efficiency and the power output, without the SS capacitors, decrease with the decreasing coupling coefficient. The efficiency curve with SS compensation shows a similar trend, but the output power is much higher than that without the SS capacitors when k is small. Since efficiency increases with the increasing k, the coupling coefficient is an important design parameter. For private-use EV wireless charging applications, the goal is to reach level 1 or level 2 charging, which is 1-6.6 kW, with the highest efficiency possible. Due to practical considerations, such as the limitation of the coupler size and the essential gap between ground and vehicle, the coupling coefficient is between 0.1 and 0.3 from most published studies.
B. Four Winding Structure
The four coil system was reported in [11] . Impedance matching between the input and the output is applied to acquire the maximum power output in low-power applications, which often have a system efficiency lower than 50 %. In [12] , a four coil system is used for EV wireless charging, in which the maximum efficiency principle is used. There is still a power-efficiency split in the coaxial coil coupler where the maximum power and the efficiency cannot be reached at the same time. The general structure of four winding system is shown in Fig. 4 .
The system is driven by an HF power source. The circuit equation matrix for a four coil system is ⎡ ⎢ ⎣
where
and M is the mutual inductance between two coils. The power output to the load is
The efficiency of the four coil system is
III. PROPOSED COUPLER WITH ASSISTIVE COILS Since the wireless transformer is a loosely coupled transformer, the leakage flux is high. In order to reduce this, the magnetic field needs to be modified, so that the flux linkage between the two sides is increased and the leakage is reduced. To do this, a coupler with the assistive coils is proposed, and this is shown in Fig. 5 . Fig. 5(a) shows a 3-D view, while Fig. 5(b) shows the top view of the primary coupler, Fig. 5(c) shows a side view. Each side of the coupler has the major coil, four small assistive coils, and ferrite, which is used to help the flux linkage. The four assistive coils are connected in series or parallel forming an assistive winding, which makes it a four coil system. In this paper, the SS connected compensation is analyzed. The transformer is simulated in the ANSYS Maxwell 3-D. The parameters for the transformer are shown in Table I . The frequency of the system is set to 20 kHz; hence, ferrite and litz wire are used to reduce eddy current loss. 
IV. CIRCUIT MODEL FOR PROPOSED COUPLER

V. SIMULATION RESULTS
A. FEA Simulation Result
The inductance matrix of the proposed system was simulated. The air-gap distance between the primary and secondary coils is set to 200 mm in the FEA simulation, which is almost 1/3 of the transformer length. The inductance matrix from the FEA simulation is shown in Table II , and the coupling coefficient matrix is shown in Table III. For different working conditions, the air-gap length varies. The coupling coefficient k for varying air-gap length is shown in Fig. 7 . The coupling between the primary and secondary windings decreases with increasing air gap. The k 1a between the windings 1 and a is almost constant when the air gap is large. k 1a is higher than k 2a when the air gap is relatively small, which may be affected by the secondary side winding and the ferrite. k 2a decreases with the separation and its values are small beyond 150 mm, which means that the coupling between the major coil and the assistive windings is weak.
B. Circuit Analysis
With an ideal HF power source, the compensation capacitor affects the system characteristic. To estimate the output power and the efficiency, it is important to simulate the compensation characteristic of the two coil system and the proposed system. The circuit model in Section II-A simulates the two coil system, and the circuit model in Section II-B simulates the proposed system. The 700 mm square pads are used for both the two coil and the proposed pad. The resonant capacitances for each winding at 20 kHz are normalized as C 1r , C 2r , C 3r , and C 4r .
1) Two Coil System With SS Compensation:
The performance of the two coil system is different with different capacitor compensation connections. The SS compensation is employed in both the two coil system and the proposed system for comparison. The output frequency of the power source is set to 20 kHz. The inductance matrix in Table II for a 700 mm square pad with a 150 mm air gap is used for the simulations. In the two coil system, there are only primary coil and secondary coil capacitors, which are C1 and C4 for the convenience of comparison with the proposed four coil system. The winding resistance is set to 0.09 for all the windings. Fig. 8 (dashed line) shows the two coil system efficiency with changing C4 with fixed C1 = Cr (resonance of L1/C1 or L4/C4). The solid line shows the power output with changing C1 with C4 fixed at C r . Both the maximum power and the efficiency are reached around the L1/C1 and L4/C4 resonance points. However, the maximum overall system efficiency is lower than 0.9 in the two coil system.
2) Four Coil System With SS Compensation:
The capacitor for the primary coil is C1 and the primary assistive coil is C2. The secondary assistive coil is C3 and the secondary coil is C4. In the proposed system, the maximum overall efficiency is over 0.94 (Fig. 9) . When the assistive coils are tuned to resonance at source frequency, higher power is transferred to the assistive coil compared with the load side. The power is consumed by the parasitic resistance, which causes a crossshaped low-efficiency region in Fig. 9(a) . The highest efficiency region is in the bottom left, close to C 3r . The highest power transfer region, which reaches 11 kW, is in the bottom right, close to C 3r . The highest efficiency region can transfer 1-5 kW, which is sufficient for a level 1 or 2 EV charger. The primary compensation capacitor has a higher impact on power transfer compared with the secondary side, because only part of the primary coil flux links the secondary coil; hence, the power map is not symmetrical. The maximum power and efficiency regions are still little away from each other, but in the >90 % efficiency area, the power is up to 5 kW, which is higher than the two coil SS compensation system. VI. CONCLUSION In order to transfer power to an EV with high efficiency, the wireless transformer needs to be designed correctly. The models for two coil and four coil systems are shown. A coupler with the assistive coils is proposed. The simulation results show that the efficiency of the proposed system is higher than the two coil system. The proposed system is capable of transferring 1-5 kW power with over 90% efficiency. Future work is to develop an analytical model for the coupler, which would give a detailed understanding of the proposed IPT pad.
